Recently, the nanogenerators which can convert the mechanical energy into electricity by using piezoelectric one-dimensional nanomaterials have exhibited great potential in microscale power supply and sensor systems. In this paper, we provided a comprehensive review of the research progress in the last eight years concerning the piezoelectric nanogenerators with different structures. The fundamental piezoelectric theory and typical piezoelectric materials are firstly reviewed. After that, the working mechanism, modeling, and structure design of piezoelectric nanogenerators were discussed. Then the recent progress of nanogenerators was reviewed in the structure point of views. Finally, we also discussed the potential application and future development of the piezoelectric nanogenerators.
Introduction
Recently, portable and wireless micro-and nanoscaled devices have been widely used in environmental monitoring, medical implants, defense technology, industrial safety, and personal electronics, such as the nanowire-based gas and chemical sensors [1, 2] and programmable nanowire circuit for nanoprocessors [3] . Until now, most of the micro/nanodevices are still working under the driving of conventional power sources such as the lion batteries. Although the long-term performance and miniaturization of batteries have been largely improved in recent years, the relatively larger size, unavoidable recharging, or replacing process may lead to a lot of problems during the fabrication and operation process. For example, the batteries in heart pacemaker need to be replaced after the 6-11 years' usage, which would make the patient suffering from the surgery and lower their lives' quality. Moreover, hydrogen sensors have already been used for detecting the leakage and concentration of hydrogen gas in many fields such as the nuclear power station and generator sets. The complex power supply lines will lead to high potential hazard and limit the development of wireless sensor networks. Therefore, the development of novel power supply systems without recharging or replacing problems and micro/nanoscaled dimensions has become an attractive topic.
In the ambient environment and industrial process, most of the energies such as optical, heat, mechanical vibration and chemical reaction are wasted. The highly efficient harvesting and conversion of such energies may not only be used for building the self-powered devices, but also promote the development of clean and renewable energy sources. Among them, mechanical energy is abundant in the environment, including the mechanical vibration, hydraulic pressure, air flow and rain drops. They can be harvested and converted into electric output energy through the "piezoelectric effect, " which is so called "piezoelectric electricity generation. " Actually, this effect has already been practically used in macroscale devices. For example, by installing piezoelectric bulk materials such as Pb(Zr,Ti)O 3 (PZT) ceramics and Pb(Mg,Nb)O 3 -PbTiO 3 (PMN-PT) crystals under the highways, the pressure from the moving vehicles can be converted into electric powers, which is strong enough to illuminate the caution lights on the highways.
In the last decade, the development on the synthesis technique of the piezoelectric nanomaterials has promoted the miniaturization of the piezoelectric generators [4, 5] . Wang and Song firstly reported the piezoelectric "nanogenerators" in 2006, which can generate impulsive output voltage with several millivolts by bending a ZnO nanowire with the atomic force microscopy (AFM)'s tip [6] . This nanogenerator has attracted great interest of researchers due to the great potential in the application of micro/nanoscaled power supply systems. However, the energy conversion efficiency and output power of this early-stage device are too low to be applied. In the last 8 years, researchers have done great efforts on improving the device performance, including the employing of several kinds of piezoelectric materials with higher piezoelectric properties [7] [8] [9] , the design of device structures [10, 11] , and the hybrid of nanogenerators with other types of energy harvesters [12, 13] . Moreover, some novel applications such as the active chemical sensors were also developed by using the nanogenerators [14, 15] . As shown in Figure 1 , the publication and citation number of research works have largely increased from the first report in 2006.
In this paper, we firstly reviewed the fundamental theory about the piezoelectricity and piezoelectric materials in Section 2. Then the working mechanism, modeling and structural design, and the fabrication and performance of the piezoelectric nanogenerators based on different structures were discussed. After that, the application of piezoelectric nanogenerators in recent years was briefly reviewed. Finally, the future development of the nanogenerators was also discussed.
Piezoelectricity and Piezoelectric Materials

Definition and Physics of Piezoelectricity.
Piezoelectric effect is a unique property of certain crystals where they will generate an electric field or current if subjected to physical stress. The direct piezoelectric effect was discovered by brothers Pierre Curie and Jacques Curie in 1880. After that, the same effect was observed in reverse, where an imposed electric field on the crystal will put stress on its structure.
The process whereby the piezoelectric effect takes place is based on the fundamental structure of a crystal lattice.
Crystals generally have a charge balance, where negative and positive charges precisely cancel each other out along the rigid planes of the crystal lattice. When this charge balance is disrupted by applying physical stress to the crystals, the energy is transferred by electric charge carriers, creating a current in the crystal. With the converse piezoelectric effect, the applying of an external electric field to the crystal will unbalance the neutral charge state, which results in mechanical stress and the slight readjustment of the lattice structure. Therefore, piezoelectricity is the linear interaction between the mechanical and electrical properties of the dielectric materials [10] . For electrical properties, the relationship between the electric displacement ( ) and the electric field ( ) can be interpreted as
where the coefficient is the permittivity of the dielectric materials. The permittivity coefficient is a second-rank tensor represented by a 3 × 3 matrix. However, the matrix is symmetric ( = ), and there are at most 6 independent coefficients. For mechanical properties, the relationship between stress and strain under small deformations can be interpreted as
where is the elastic stiffness of the material. Equation (2) can also be interpreted reversely as
where is the elastic compliance of the materials. Because the stiffness and compliance coefficients relate to the secondrank tensor stress and strain, they are fourth-rank tensors. However, due to the symmetric stress and strain ( = , = ), the number of can be reduced to 36 [10] .
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where the superscripts and mean the coefficients are at constant stress and electric field, respectively. The in (4) is the piezoelectric strain/charge constant. Under the one-dimensional simplified hypothesis, the piezoelectric constitutive equation can also be interpreted as follows:
Among them, , , , and ℎ are piezoelectric constant and can be linked as
Typical Piezoelectric Materials.
Until now, several kinds of materials have exhibited piezoelectricity including both natural and synthetic materials, which are listed in Table 1 . Among them, piezoelectric ceramics, crystals, and polymers were most developed and useful piezoelectric materials. Piezoelectric ceramics usually refer to polycrystalline materials that consisted of irregular collective small grains and are prepared through the solid-state reaction and sintering process. Under the poling electrical field, the disordered spontaneous polarization in piezoelectric ceramics can be realigned and keep the remnant polarization after the removal of external field. As a result, the piezoelectric ceramics can exhibit macropiezoelectric property. Piezoelectric crystals, which refer to single-crystalline materials, are usually unsymmetrical in structure and therefor exhibit piezoelectric property. The piezoelectric ceramics exhibit high piezoelectric constant and permittivity and can be prepared into designed architectures, which makes them suitable for the application in high-power energy transducer and wideband filters. However, the poor mechanical quality factor, high electrical loss, and low stability of the piezoelectric ceramics limited their application in high-frequency devices. Comparatively, the natural piezoelectric crystals such as quartz exhibit lower piezoelectric properties and dielectric constant. Moreover, they are limited in size due to the cuts of crystals. However, the mechanical quality factor and stability of quartz crystals are relatively higher than ceramics. Therefore quartz crystals are always used in high-frequency filters, transducers, and other standard frequency controlling oscillators. Besides the quartz crystals, the high-quality perovskite piezoelectric single crystals such as the Pb( Mg  2+ ; B = Nb 5+ ) with much higher piezoelectric constant ( 33 ∼ 2600 pC/N), electromechanical coupling coefficient ( 33 ∼ 0.95), and strain (>1.7%) have also been obtained since 1997 [16, 17] . These single crystals are new-generation piezoelectric materials for high performance piezoelectric devices and systems including ultrasound medical imaging probes, sonars for underwater communications, and sensors/actuators. However, the size and shape of the piezoelectric single crystals are difficult to be preciously controlled during the growth process, which limit the practical application in many fields such as the microscaled actuators and composite metamaterials.
Furthermore, the piezoelectric polymers such as polyvinylidene fluoride (PVDF) with high flexibility, low density, and resistance as well as relatively higher piezoelectricity voltage constant ( ) have also attracted much attention in recent years [18, 19] . Unlike the piezoelectric ceramic and crystals, the intertwined long-chain molecules in polymers attract and repel each other when an electric field is applied. PVDF has exhibited great potential in the application of acoustic ultrasound measurements, pressure sensors, and ignition/detonations. However, the relatively low piezoelectric strain constant ( ) of PVDF limited the application in transducers.
Applications of Piezoelectric Materials.
Nowadays, piezoelectric materials have been widely used in the industrial, manufacturing, automotive industry, and medical instruments as well as information and telecommunication fields, and so forth. According to the operation mode of the piezoelectric devices, the application of piezoelectric materials can be classified as follows.
(1) Sensors. Through the direct piezoelectric effect, the piezoelectric materials can be used for the detection of pressure variations in longitudinal, transversal, and shear modes. The most commonly used application of piezoelectric sensors is in the sound form, such as the piezoelectric microphones, piezoelectric pickups in acoustic-electric guitars, and detection of sonar waves. Moreover, the piezoelectric sensors can also be used with high-frequency field such as the ultrasonic medical imaging or industrial nondestructive testing. In addition, the piezoelectric sensors were also employed in piezoelectric microbalance and strain gauges.
(2) Actuators. On contrary to piezoelectric sensors, the working of actuators is usually based on the reverse piezoelectric effect to induce tiny changes in the width of the piezoelectric materials by applying high electric fields. Due to the relatively high precision of the width changes, the piezoelectric actuators are always used in accurate positioning. For example, the piezoelectric motors with high accuracy have already been used in optical devices, transportation and aerospace techniques, robots, medical devices, biology, and nanomanipulation fields, such as the atomic force microscopes (AFM), scanning tunneling microscopes (STM), autofocusing camera lens, inkjet printers, CT/MRI scanners, and X-ray shutters.
(3) Frequency Controlling Devices. Crystal oscillator is an electronic oscillator circuit that uses the mechanical resonance of a vibrating piezoelectric crystal to create an electrical signal with a very precise frequency. The frequency can be used to provide a stable clock signal for digital integrated circuits. Moreover, the piezoelectric materials have also been used in high-frequency resonators and filters, such as the surface acoustic wave devices and film bulk acoustic resonators.
(4) High Voltage and Power Sources. By applying the external mechanical stimulates, the piezoelectric ceramic or crystals can generate potential differences with thousands of volts in amplitude. Therefore, piezoelectric materials can be used as high voltage and power sources. The most commonly application is the piezoelectric ignition/sparkers such as the cigarette lighters. Moreover, the piezoelectric materials have been employed for energy harvesting applications. For example, the energy from human movements and vehicle movements in public places can be harvested and converted into electricity for lighting the lamps. Recently, the microscale energy harvesters were developed for harvesting the smallscale mechanical energies by using the piezoelectric nanomaterials, which is called "piezoelectric nanogenerators. " The nanogenerators can be used for charging the batteries or directly driving some low-power microdevices. The recent progress of piezoelectric nanogenerators will be reviewed in the next section.
Piezoelectric Nanowires for Energy Harvesting Applications
The first research work about the piezoelectric nanogenerators was reported by Wang and Song in 2006. After that, numerous research works have been conducted about the working mechanism, structural modeling and design, and performance optimization of the piezoelectric nanogenerators. Until now, several kinds of flexible nanogenerators have been developed, which could be used for harvesting that varies mechanical energies from the environment or human bodies. The output electrical energy has been increased from several millivolts to several hundred volts, which is enough for driving a light-emission diode (LED), liquid crystal display (LCD), and wireless data transmitting device. In this section, the author briefly reviewed the working mechanism, modeling/simulations, and the experimental progress of piezoelectric nanogenerators according to the structure of the nanogenerators including the verticalaligned nanowire arrays, the lateral-aligned nanowire networks, and the nanowire-based nanocomposites.
Vertical-Aligned Nanowire Arrays
Working Mechanism and Structural
Modeling. Two different working models can be used for describing the working process of the nanogenerators based on vertical-aligned nanowire arrays including the lateral bending and vertical compression. Due to their different electrical and mechanical configurations, the working mechanism is different in certain degrees, but with one consistent basis: the coupling of the semiconductor behavior and the piezoelectric property of the piezoelectric nanowire. Figure 2 illustrated the working mechanism of the nanogenerator based on a bending nanowire induced by an AFM tip [20] . As shown, a Schottky barrier was built up between the nanowire and the AFM tip due to the difference of working function and electron affinity. The system was in an equilibrium state and no voltage output was generated when the nanowire is not bent by the AFM tip. Once the nanowire was bent by the scanning AFM tip, the asymmetric piezoelectric potential would be generated due to the stretch and compression of the inner and outer side of the nanowire. The piezoelectric potential in the nanowire changed the profile of the conduction band. As shown in Figure 2 (b), the local positive piezoelectric potential at the contact area would lead to a slow flow of electrons from ground to the tip through the external load, which resulted in the charge accumulation in the tip. When the tip was moved to the middle part of the nanowire, the local potential dropped to zero and resulted in a back flow of the accumulated electrons through the load to the ground (Figure 2 (c)). After that, if the tip was moved to the compressive part of the nanowire, a local negative piezoelectric potential would raise the profile of the conduction band and led to an electron flow from the -type ZnO to the tip. Therefore, a circular flow of electrons would be generated and exhibited output current in the measurement devices [23] .
For nanogenerators with vertical compressed nanowire arrays, the piezoelectric nanowires were connected by a pair of electrodes on the top and bottom end with at least one Schottky contact in the interface. The compressive deformation was induced symmetrically along the longitude of the nanowires. As a result, the piezoelectric potential should be well-distributed along the axial direction of the nanowire. Therefore, its working mechanism was different from the bending models. As shown in Figure 3 , the alternative electric output could be attributed to the back and forth flow of electrons in the external circuit driven by the piezoelectric potential [23, 24] . Without the external stress, the system was in an equilibrium state and no voltage output would be generated (Figure 3(a) ). Once the nanowire was compressed by external force, the piezoelectric potential would be induced along the nanowire. Consequently, the conduction band edge and Fermi level of the negative-potential side would be raised by the piezoelectric field as shown in Figure 3 (b). Due to the Schottky barrier on both sides of the nanorod, the electron could not pass through the interface between the nanowire and electrodes to compensate the energy difference and would flow through the external circuit to the electrode on the counter side. Therefore an impulsive electric output would be generated. The electrons were then accumulated due to the Schottky barrier and reached an equilibrium state with the piezoelectric field to make the Fermi energy back to the same level, which led to no more electrical output in the external circuit ( Figure 3 (c)). When the compression was released as shown in Figure 3 (d), the piezopotential was vanished, which would break the equilibrium state. Therefore, the energy difference would be induced on the opposite direction and lead to an impulsive negative electrical output signal. Because of the complex and expensive fabrication and characterization and integration process of piezoelectric nanogenerators, the accurate modeling and performance simulation about the electromechanical conversion behavior of the nanowires were important before the experimental works. For example, Falconi and coauthors have conducted finite element method (FEM) simulation works to estimate the output potential and stored electrostatic energy of a ZnO nanowire under various deformation configurations with different positions of the contacts [10, 11] . In order to simplify the FEM modeling process, the nonlinear behavior of Schottky contact, uncertain load in the external circuit, nonzero electrical conductivity of piezoelectric materials, and parasitic effects were neglected. The simulation was simplified as to qualitatively compare the static piezoelectric potential generated by nanowire with different structure. Their simulation result suggested that the electrode contact configuration would have great impact on the piezoelectric potential of a bending nanowire. Because the highest strain was distributed at the bottom regain of the nanowires, the highest piezoelectric potential difference between the electrodes can be obtained when the electrodes were set up on both sides at the bottom of the nanowire. However, it is difficult to obtain this kind of nanoscaled electrodes in practical experiments. They also compared the performance of bending nanowires with the vertically compressed nanowires and found that the latter one exhibited higher energy conversion efficiency than the bending nanowires with the same electrode configurations. According to their results, the vertical compression model with relatively higher electrical output and simplified structures is more suitable for the practical applications than the bending models. However, the influence of free charge in the nanowires to the electromechanical conversion efficiency was not considered in this work, which has been reported to be a key issue for the piezoelectric nanogenerators.
Recently, the polarization screening effects induced by the free charge carriers have been regarded as an important issue for optimizing the electromechanical conversion efficiency of the piezoelectric nanowires. However, it was very difficult to precisely control the concentration of dopant in piezoelectric nanowires in practical experiments. Therefore, the computer analysis through FEM can be used to predict this effect. For example, Gao and Wang have investigated the behavior of free charge carriers in a bent piezoelectric semiconductive nanowire under thermodynamic equilibrium conditions [25] . They found that the positive side of the bent nanowire would be partially screened by the free charge carriers because the conduction band electrons would be accumulated at the positive side under the piezoelectric potential. Therefore, the potential in positive side is much lower than the negative side. Moreover, Falconi et al. have investigated the screening effect in a vertically compressed nanowire and found that the piezoelectric potential would be almost completely screened by the free charge carriers at a higher level of donor concentrations. They also confirmed that the length of the vertically compressed nanowire did not significantly affect the maximum value of the piezoelectric potential, while the relative dielectric constant surrounding the nanowire would significantly influence the output voltage [26] .
Fabrication and Performance of Vertical Integrated
Nanogenerators. After finding that the AFM tip-induced lateral bending of nanowire (ZnO, GaN, CdS, InN, and ZnS) can generate impulsive voltage output [27] [28] [29] [30] [31] , another kind of nanogenerator with similar mechanism was carried out. In this device, the AFM tips were replaced by a zigzag top electrode to bend the nanowires [32] . Qin et al. have also reported a similar nanogenerator with two fibers coated by the ZnO nanowire arrays [21] . As shown in Figure 4 the low electrical output and poor stability makes them not suitable for practical application. According to the modeling discussed above, the vertical compress of nanowires could generate higher output voltage than the top-bottom contacted bending nanowires. Xu et al. have fabricated a vertical nanowire array integrated nanogenerator (VING) [33] . As shown in Figure 5 , the device was fabricated by packaging the vertical-aligned ZnO nanowire array with polymethyl methacrylate (PMMA) and connected the nanowire with top-bottom flat electrodes, which can generate several tens of millivolts in amplitude under external pressures. The fabrication process of the VING is much simpler than the bending type nanogenerators. Moreover, the packaging of PMMA can largely increase the robustness of the devices. Due to the easy synthesis process of ZnO nanowire arrays, ZnO VING has become the most popular design among the reported nanogenerators. Several improvements have been carried out by researchers. For example, Kim et al. have demonstrated a ZnO VING based on cellulose paper substrates, which could increase the thermal stability of the VINGs [34] . Choi and coworkers have reported a ZnO VING based on transparent and flexible graphene electrodes [35] . The nanogenerator can be fully rolled for the energy harvesting and converting process. The output current of this device is up to 2-3 mA/cm 2 under nonrolling and rolling state. Besides the conventional VINGs, some novel designs on the architecture of VINGs have been demonstrated by researchers. For example, Hu et al. have fabricated a ZnO VING which is a free-standing cantilever beam made of a five-layer structure [36] . By depositing the ZnO seed/Cr layers on the top and bottom surfaces of the polyester (PS) substrate, the densely packed ZnO nanowire texture films were synthesized and then covered by PMMA as blocking layer. Finally, the top electrodes were deposited on top of both PMMA layers, and the whole system was packaged by PDMS. The layered VINGs can generate open-circuit voltage up to 10 V and short-circuit current up to 0.6 A, when it was strained to 0.12% at a strain rate of 3.56%/s.
As mentioned above, the free charges in -type ZnO nanowires will screen the piezoelectric potential. That will decrease the output voltage of the ZnO nanogenerators. [Reproduced from [22] with the permission from Nature Publishing Group.]
Until now, two major approaches have been employed for decreasing of the screening effect. Firstly, it can be realized by improving the intrinsic properties of ZnO through pretreatment and surface passivation, and so forth. For example, Hu et al. have improved the single-layered VINGs' performance with maximum output voltage up to 20 V and output current up to 6 A by treating the ZnO nanowires with oxygen plasma or annealing in air [37] . Moreover, the output performance of the ZnO nanorod based nanogenerators could also be improved by inducing the ultraviolet light to passivate the surface [38] . A similar work was also reported by Lin et al., where the output of CdS nanowire can be modified by using a white light stimulation [27] . Secondly, the screening effect could also be suppressed by changing the structure of the devices. For example, Zhu and coworkers have reported a novel design of ZnO VING [39] . It could generate high electrical output ( OC = 58 V, SC = 134 A) due to the new structures due to the thin layer of PMMA between the top of the nanowires and the top electrodes, which could provide a potential barrier of infinite height. The barrier could prevent the induced electrons in the electrodes from internal leaking through the interface between metal and semiconductor. The segmentation of nanowire arrays also guaranteed that the native free-charge carriers within the Advances in Materials Science and Engineering 9 nanowires that are not directly compressed will be isolated from the compressed nanowires ( Figure 6 ). This part of the nanowires will not be involved in the screening effect and preserving the piezoelectric potential from further degradation. Besides the structure design, some other method such as the treatment to the piezoelectric nanowire could also decrease the screening effect. As known, the piezoelectric constant is critical for the electromechanical conversion efficiency of the piezoelectric nanowires. The relatively low piezoelectric constant of ZnO limited the performance of the nanowire in the VINGs. Perovskite piezoelectric materials such as Pb(Zr,Ti)O 3 (PZT) exhibited much higher piezoelectric constant than ZnO materials, which may lead to higher energy conversion efficiency and electric output of the nanogenerators. For example, the PZT nanowire array could generate higher output voltage than the ZnO nanowires with the same device architectures [40] . However, the difficult synthesis process of the perovskite nanowire arrays has limited the research and development of such kind of nanogenerators. The flexibility was also limited by the substrate used for material growth (e.g., Nb:SrTiO 3 single crystals). Gu et al. have provided a feasible way to overcome the problem of flexibility, where the ultra-long PZT nanowire arrays were fabricated by stacking the lateral-aligned PZT nanofibers layer by layer and connected by top-bottom electrodes [7] . This device produced ultra-high output voltage up to 209 V together with the current density of 23.5 A/cm 2 , which could instantaneously power up a commercial LED without any energy storage unit. Moreover, Kang and coworkers have reported a lead-free piezoelectric nanogenerator based on vertically aligned KNN nanorod arrays. The nanogenerator exhibited a stable high power density of ∼101 W/cm 3 [41] .
Lateral-Aligned Nanowire Networks
Working Mechanism and Structural Modeling.
In this type of devices, the deformation of the nanowires was always induced by the laterally bending of the nanowires either through the bending of substrate or through the pressure applied along the radical direction of the nanowires. Unlike the local bending of nanowires in the verticalaligned nanogenerators, the nanowires were uniformly bent in these processes. Due to the ultra-high aspect ratio of the one-dimensional nanostructure, the uniform lateral bending behavior of the nanowires can be regarded as the lateral stretching by neglecting the strain distribution along the radical direction. Therefore, the working mechanism of the nanogenerators based on lateral-aligned nanowires was the same as the compressed nanowires mentioned in the above section. In Falconi's work, they also compared the energy conversion behavior of the laterally stretched nanowire with the vertically compressed ones [26] . They have found that the laterally bent nanowire can generate higher output voltage than the later one. However, the external forces were directly applied on the nanowires. In practical devices, the nanowires were usually packaged by soft polymers such as PDMS silicone to protect them from the physical damage. The external forces need to be applied on the packaging layers rather than on the nanowires. Therefore the distribution of the applied forces on the nanowires will be different. As a result, the influence induced by the packaging layer should be taken into account during the modeling of the nanogenerators. Figures 7 and 8 show the modified models of nanogenerators with silicone packaging layers for vertical and lateral packaged devices, respectively. The silicone is 10 m in thickness and 150% in width comparing with the diameter of the nanorod. In vertically compressed model, the nanorod was vertically standing, fixed at the end, and packaged by the silicone. An external force along the axial direction of the nanorod was applied on the top surface of the silicone. Under the compressing force, the nanorod was vertically compressed and generated a piezoelectric potential of ∼350 mV between the top surface and the bottom surface.
In lateral stretching model, the nanorod with the same piezoelectric parameters was laterally positioned between two Au electrodes and packaged by the silicone. The pressure was applied on the top surface along the radial direction of the nanorod. As shown in Figure 8 (c), the nanowire was bent under the radial compressing force. The piezoelectric potential difference can be calculated to be ∼2.74 V by integrating the electric field along the axial direction of the nanorod. These results indicated that the lateral assembled nanorods can generate much higher piezoelectric potential than the vertical assembled ones under the same external pressure, which may provide the insight for the design of piezoelectric nanogenerators.
Fabrication and Performance of Laterally Integrated
Nanogenerators. The first lateral type of piezoelectric nanogenerator is reported by Wang and coauthors in 2007 [44] . This device is based on the voltage generation of an individual BaTiO 3 nanowire under periodic tensile mechanical load, which is fabricated by placing a BaTiO 3 nanowire onto a piezoelectric flexure stage by using nanomanipulation technique. The lateral strain was applied by moving the mobile base of the stage by using a piezo stack driving by external voltage, fixing the other base. The fabrication process of the flexure stage is complex and expensive due to the small dimension. On the contrary, lateral nanogenerators based on flexible polymer substrates such as the polyimide (PI) films have exhibited much simpler fabrication process and higher performance.
Yang et al. have reported a laterally integrated nanogenerator (LING) based on laterally packaged piezoelectric fine wires [42] . The ZnO fine wire lying on the PI substrate was fixed to electrodes at both ends. The bending of the substrate would result in a stretch behavior of the wire and lead to a drop in the piezoelectric potential along the wire. Therefore, an impulsive and alternative output would be generated by the charge flow in the external circuit. The nanogenerator based on single fine wire can generate output open-circuit voltage and short-circuit current of 60-70 mV and 1000-1100 pA in peak to peak amplitude, respectively. Moreover, the potassium sodium niobate (KNN) nanorodbased LINGs were fabricated by our group. As known, the piezoelectric constant of the biocompatible KNN is much higher than ZnO, and the free charge carrier density in KNN is lower than ZnO. The KNN nanogenerators may have higher electromechanical conversion efficiency than ZnO-based nanogenerators. In our KNN-LINGs, the KNN nanorods synthesized by hydrothermal and parallel connected by interdigitated electrodes (IDEs) on a flexible PI substrate. The PDMS packaged KNN LINGs can generate parallel open-circuit voltage of about 0.1 V under finger pressing or bending movements [23, 45] . However, the fabrication process of such devices is complex, which would limit the large-scale fabrication of the nanogenerators. In order to improve and simplify the fabrication process of LINGs, Zhu and coauthors have carried out a scalable sweeping-printing-method for fabricating flexible devices with ZnO nanowire array, which were connected by parallel stripe type of electrodes [22] . The generated open-circuit voltage was up to 2.03 V due to the series connection of nanowires, while a peak output power density of 11 mW/cm 3 was obtained. Another method for one-step fabrication of ZnO nanowire networks was reported by Xu and coworkers [33] . As shown in Figure 9 , the nanowires were directly synthesized between the Au/Cr and Au electrodes by lowtemperature chemical method and were oriented-aligned with parallel to the substrate surface. By this direct integration process, more than 700 rows of nanowires can be connected in series to increase the output of the nanogenerator, which is up to 1. Recently, the development of electrospinning techniques has promoted the application of the ultra-long piezoelectric nanofibers in the energy harvesting devices, which could also realize the large-scale fabrication of the LINGs [43, 46] . For example, Chen et al. have demonstrated a 1.6 V LING based on electrospun PZT nanofibers [43] . As shown in Figure 10 , the PZT nanofibers were directly fabricated on the IDEs by electrospinning and annealing process. After PDMS package and poling, the PZT LING can generate open-circuit voltage up to 1.6 V under the pressure from a Teflon stack or human finger. However, the flexibility of the PZT LING was limited by the substrate due to the high-temperature annealing process. Wu and coauthors have fabricated a PZT textile nanogenerator with parallel-aligned PZT nanofibers transferred from the substrate to a polyethylene terephthalate (PET) film [47] . The wearable LING can generate opencircuit voltage and short-circuit current up to 6 V and 45 nA, respectively. Moreover, the lead-free Mn-doped KNN nanofibers were used for fabricating the flexible LINGs by transferring the annealed KNN nanofibers onto a flexible polyether sulfone (PES) substrate through PDMS. This device exhibited ∼0.3 V output voltage and ∼50 nA output current under a bending strain [48] .
Polyvinylidene fluoride (PVDF) nanofibers were also employed in LINGs. Compared with the inorganic perovskite piezoelectric materials, PVDF nanofibers exhibited better flexibility, lightweight, biocompatibility, and ultra-long lengths, which is more suitable for fabricating biocompatible and flexible nanofiber-based nanogenerators (Figure 11 ) [46, 57] . As known, the electrospun PVDF nanofibers could transform from nonpolarized -phase to polarized -phase structures under the ultra-high electrical field. Chang and coworkers have demonstrated a LING based on a single PVDF nanofiber fabricated by a near-field electrospinning process [58] . Under mechanical stretching, the nanogenerator exhibited repeatable and consistent electrical outputs with energy conversion efficiency higher than the PVDF thin-film based nanogenerators. The open-circuit voltage and short-circuit current of this nanogenerator are 5-30 mV and 0.5-3 nA, respectively. In order to increase the output, they have fabricated 500 parallel nanofibers and connected them with comb-shape electrodes on flexible substrate to amplify the current outputs [59] . The peak current was increased to 35 nA with 0.2 mV in peak voltage. Zhao and co-authors have demonstrated a hybrid LING that consisted of the piezoelectric PVDF nanofibers fabricated by farfield electrospinning process [14] . The PVDF nanofibers were patterned into lateral-aligned arrays on the substrate and were poled with high field (200 kV/cm) for 15 min. The output voltage and current can be increased from 15 to 20 mV and 0.2 to 0.3 nA by increasing the strain rate of the device, respectively. A detailed review about the nanofiber-based LINGs until 2012 was demonstrated by Chang et al. [46] . Moreover, poly(vinylidenefluoride-cotrifluoroethylene) nanofibers have also been employed for high-performance flexible piezoelectric nanogenerators [60, 61] . These devices can also be used for mechanical energy harvesting and ultra-highly sensitive sensing of pressure. Zeng et al. have combined the NaNbO 3 , PVDF, and the elastic conducting knitted fabric nanofibers to obtain all fiber based nanogenerators, which could generate output voltage of 3.4 V and current of 4.4 A at 1 Hz and a maximum pressure of 0.2 MPa [62] .
Nanowire-Composite.
Recently, a novel type of piezoelectric nanogenerators based on nanowire-polymer composites has attracted researcher's attention. The fabrication process of such devices is much simpler than VING and LING. Basically, the device consisted of four functional layers including the top and bottom electrodes, the flexible substrate, and most importantly the nanowire-composite layer. The multilayer structure of these devices was similar to the piezoelectric ceramics. Although the piezoelectric properties of the composite may be lower than the ceramics, the polymer matrix largely increased the flexibility of the devices. For VINGs, the device fabrication was largely limited by the assembly process of the nanowire arrays. Therefore, most of the investigation of VINGs was focused on ZnO nanowire arrays, while LINGs were also suffering from the same problem. However, the nanowire-composite can be easily obtained by directly mixing the as-synthesized nanowires with the polymer matrix such as the PDMS. Therefore, it was a general structure for building nanogenerators. Table 2 listed the reported nanowire-composite nanogenerators with different piezoelectric materials. For example, Hu and coauthors have demonstrated the high output nanogenerators by rational unipolar assembly of conical ZnO nanowires [49] . The macroscopic piezoelectric potential across the thickness of the nanogenerator with output voltage up to 2 V can be produced under a compressive strain of 0.11% at a strain rate of 3.67%/s. A similar structure was also reported by Jung et al. by using NaNbO 3 and GaN nanowires composited with PDMS between a pair of electrodes, respectively [9, 50] . The output voltage and current density of the NaNbO 3 -based device are up to 3.2 V and 72 nA under a compressive strain of 0.23% (Figure 12) . Recently, Xu et al. have reported the PMN-PT nanowire-based nanocomposites and nanogenerators [55] . The output voltage and current density of this PMN-PT composite nanogenerator are up to 7.8 V and 4.58 A/cm 2 . Moreover, PZT nanowires have also been employed for building the nanocomposites nanogenerators and the output voltage was up to 7 V with manual bending. This device can also be used to harvest the energy from the vibration of the cantilevered at the low frequency range [56] . This kind of nanogenerators has exhibited high output together with simple and low-cost fabrication process without any microfabrication process and can be considered as a rational option for the large-scale fabrication of nanogenerators. 
Application of Piezoelectric Nanogenerators.
In recent years, several research works about the harvesting of different mechanical energies by the piezoelectric nanogenerators have been conducted by researchers, which promoted their practical applications in various fields. For example, the nanogenerators can be used to harvest the biomechanical energies from the bending of a human finger, folding, and releasing of a human elbow, the running motion of a living hamster [63] (Figure 13 ). Moreover, an in vivo nanogenerator that can convert the mechanical energy from the breath and heartbeat of a living rat into electrical outputs have also been reported [65] . Besides the energy from the human and animal bodies, many kinds of mechanical energies in the environment can also be harvested by the nanogenerators, including the mechanical pressures from a moving vehicle [64] and raindrops [66] , as well as the vibration induced by liquid and air flows [67] [68] [69] [70] [71] . According to the abovementioned behavior, several kinds of applications based on the piezoelectric nanogenerators have been demonstrated, including the power sources for driving microelectronic devices, the active sensors, the self-powered sensors, and some hybrid cells for energy sources.
Power Source for Driving Electronic Devices.
As known, piezoelectric nanogenerators have been viewed as one of the most promising candidates in the microscale power supply systems for driving the microelectronic devices. However, the electrical output of the piezoelectric nanogenerators is actually generated due to the back and forth motion of electrons in the external circuit driving by the piezoelectric potential. Therefore, it is necessary to convert the alternative and impulsive electrical output signals into direct-current (DC) signals to drive the electronic devices, for example, by bridge rectifiers. In the early-stage ZnO nanogenerators, the output voltage and power density are limited. Therefore, a charge storage unit such as a capacitor was usually used for the accumulation of electric energy generated by the nanogenerators. After the charging process, the system can be used for driving some electronic devices, such as LED [63, 64] with the permission from American Chemical Society and Copyright WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.] and wireless data transmitters [22, 36] . Recently, the output voltage and power density of the nanogenerators have been largely improved by researchers. The output power could meet the requirement of some devices such as the LED and LCD screens. Several nanogenerators based on ZnO or PZT materials have been employed as the power source for such devices without any rectifying and charge storage units, which can simplify the external circuit and decrease the dimension of the system [7, 49, 64] . There are also some research works about the nanogenerators based on piezoelectric thin films for driving the microdevices. For example, Hwang and coworkers have demonstrated a selfpowered cardiac pacemaker powered by a flexible single crystalline PMN-PT thin film. The output current and voltage of the flexible film harvester reached 145 A and 8.2 V, respectively, by harvesting the periodic mechanical motions of bending and unbending [72] .
Active Sensors.
Many experimental results have proved that the output voltage and current of the nanogenerators are closely related to the applied strain and strain rate. Therefore, the nanogenerators can also be employed as active sensors for the strain-related mechanical matters with voltage/current as the sensing parameters. For example, Hu et al. have integrated a nanogenerator onto a tire's inner surface. The deformation of tire during the moving of vehicles could be harvested and converted into output electric signals. Because the change of tire-pressure and speed of the vehicle may lead to change of the strain and strain rate of the nanogenerator, it can be used as the tire-pressure sensor and speed sensor of the moving vehicle [64] . Lin and coworkers have integrated a nanogenerator onto an elastic spring by growing ZnO nanowire arrays on the surface of the spring. Under a cyclic compressive force applied to the spring, the nanogenerator produced a stable AC output voltage and current, which are linearly responding to the applied weight on the spring. Therefore, the nanogenerator can serve as an active sensor for a self-powered weight measurement [73] .
Besides the solid contact between the external load and the nanogenerators, the device can also be used for the sensing of air flows. Zhang et al. have demonstrated a composite nanogenerator which can convert the vortex motion in the atmosphere into electricity [69] . The device can be used to detect the win-speed according to the Karman vortex street principle. Lee et al. used a super-flexible nanogenerator for the harvesting of the energy from the gentle wind, which could also be used as an active deformation sensor for the detecting of both wind and human skin motions [67] .
As mentioned above, the free charge carrier inside the piezoelectric nanowires will lead to the polarization screening effect and decrease the piezopotential. This mechanism can also be employed for building active sensors based on the variation of charge carriers, for example, the oxide gas sensor or chemical sensors. Zhu Figure 14 ) on the surface of the ZnO will lead to the introduction of free charge carriers to the nanowires, the polarization screening effect will be modified and result in the decrease of output voltage to the external circuit from the nanogenerators [74, 75] . The investigation of such active sensors may largely promote the research on selfpowered sensor system and the development of modern sensor networks.
For Driving Self-Powered Sensors.
The output voltage and current can be used not only as the active sensing parameters in self-powered sensors, but also as the driving source in several kinds of sensors, in which the input voltage or current will be changed with the sensing parameters of the sensors, especially the resistance-type semiconductor sensors. For example, Xu and coworkers have integrated the ZnO VINGs with a nanowire-based pH sensor and UV sensor, respectively. The partial voltage on the sensor part generated by the VING changed with the resistance of the sensing nanowire both in different pH environment and under the irradiation of the UV light [33] . Wu et al. have also reported the self-powered UV sensor based on nanogenerators with PZT textiles and nanowire, respectively [47, 76] .
The difference between the above-mentioned selfpowered sensors and the nanogenerator-driven electronic devices is that the former one did not need high electric power density which is essential for the operation in latter ones. By integrating both parts with the output of nanogenerator as both the power source and sensing parameter, the researchers have fabricated completed self-powered sensor systems. For example, Lee et al. have demonstrated a self-powered environment sensor system driven by a nanogenerator [67] . The generated electrical power can light up a LED indicator when the sensor part based on single wall carbon nanotubes is exposed to high concentration of mercury ions in water solution. Li and Xia have integrated ZnO VINGs with both the sensor unit and a wireless transmitter unit [77] . In this system, the signal detected by a phototransistor can be transmitted wirelessly by a single transistor RF transmitter under the driving of the nanogenerator.
Hybrid Cells for Harvesting Multiple Energies.
Under the demand of long-term energy needs and sustainable development, devices that can harvest multiple types of energies have also been developed. For example, Hansen and coauthors have integrated the piezoelectric nanogenerators with the enzymatic biofuel cell which can harvest the biochemical energy in biofluid. Both unit can be used for harvesting the energy available in vivo and can work simultaneously or individually for boosting output and lifetime [12] . Moreover, Xu and Wang have developed a fully integrated solid-state compact hybrid cell that consisted of an organic solid-state dye-sensitized solar cell (DSSC) and piezoelectric nanogenerator in one compact structure for concurrently harvesting both solar and mechanical energy using a single device. In addition to enhancing the open-circuit voltage, the hybrid cell can add the total optimum power outputs from both the solar cell and the nanogenerator [78] .
Future Development of Nanogenerators
Although there have been numerous research works about the fabrication, performance, and application of piezoelectric nanogenerators, the following listed several crucial issues still required to be further improved:
(i) Increase of output power density.
(ii) The integration packaging of energy storage unit with the nanogenerators.
(iii) Optimization on harvesting efficiency of mechanical energy from various working conditions.
(iv) Optimization of electromechanical conversion efficiency through structural design.
(v) Long-term stability, mechanical strength, and chemical stability of the nanogenerators.
Moreover, there are also some problems still required to be solved for the application of nanogenerators, which are listed as follows: 
Conclusions
In this paper, we provide a comprehensive review of the piezoelectric nanogenerators in the last 8 years. According to the mechanical configuration of the piezoelectric nanowires, there are three major models for the nanogenerators, including the lateral bending model, vertical compression model, and the lateral stretching models. For some devices, the working mechanism of the nanogenerators may be due to the coupling of lateral bending and stretching models. Based on these basic models, three major types of nanogenerators were fabricated by researchers. Among them, the VINGs were mostly investigated due to the higher output and the proven fabrication technique of ZnO nanowire arrays; the LINGs with the highest energy conversion efficiency have also been investigated in recent years with the development of electrospinning techniques; the nanowire-composite type nanogenerators with simplest fabrication process and high electrical output have exhibited great potentials. By harvesting the mechanical energies such as the muscle movement, heartbeats, air/water flow, and solid pressures and rain drops, the nanogenerators can be used as the power source for driving micro/nanodevices and self-powered sensors, as well as the active sensors for the detection the variation of strain-related physical phenomenon and chemical conditions. Moreover, the piezoelectric nanogenerators can be integrated with other energy harvesting devices for building hybrid cells. Although numerous efforts have already been done for promoting the practical application of piezoelectric nanogenerators, there are some critical issues which still need to be further resolved, for example, the energy integration of nanogenerators for high output power sources, the structural design for increasing the energy harvesting efficiency in different conditions, and the development of practicable integrated self-powered systems with improved stability and reliability. Furthermore, the long-term stability and standard testing method of the nanogenerators still need to be concerned in the future studies.
